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Abstract. Populations can respond to environmental change
over tens or hundreds of generations by shifts in phenotype
that can be the result of a sustained physiological response,
evolutionary (genetic) change, shifts in community composi-
tion, or some combination of these factors. Microbes evolve
on human timescales, and evolution may contribute to marine
phytoplankton responses to global change over the coming
decades. However, it is still unknown whether evolutionary
responses are likely to contribute significantly to phenotypic
change in marine microbial communities under high pCO2
regimes or other aspects of global change. Recent work by
Mu¨ller et al. (2010) highlights that long-term responses of
marine microbes to global change must be empirically mea-
sured and the underlying cause of changes in phenotype ex-
plained. Here, I briefly discuss how tools from experimental
microbial evolution may be used to detect and measure evo-
lutionary responses in marine phytoplankton grown in high
CO2 environments and other environments of interest. I out-
line why the particular biology of marine microbes makes
conventional experimental evolution challenging right now
and make a case that marine microbes are good candidates
for the development of new model systems in experimental
evolution. I suggest that “black box” frameworks that focus
on partitioning phenotypic change, such as the Price equa-
tion, may be useful in cases where direct measurements of
evolutionary responses alone are difficult, and that such ap-
proaches could be used to test hypotheses about the underly-
ing causes of phenotypic shifts in marine microbe communi-
ties responding to global change.
Correspondence to: S. Collins
(s.collins@ed.ac.uk)
One of the major tasks faced by biologists today is to
understand how future populations of marine phytoplank-
ton may differ from contemporary ones. But how far away
are these future populations? The answer must be decades,
since most DIC manipulation experiments use projected CO2
levels from about the turn of the next century (Barry et al.,
2010). Microbes have large population sizes and reproduce
quickly, which ensures a more than adequate supply of mu-
tations for evolutionary change over decades, either from
standing genetic variation, or from novel mutations. If some
component of global change exerts selection pressure, there
is also scope for adaptation by natural selection in phyto-
plankton. That genetic change will occur is inevitable; the
question is whether evolutionary change will be an impor-
tant contributor to phenotypic shifts that arise in marine al-
gae during long-term responses to ocean acidification. This
question is being addressed by at least two separate groups
of researchers working in two separate paradigms, with sur-
prisingly little dialogue between them: biological oceanog-
raphers and microbial experimental evolutionary biologists
(for examples see Falkowski and Oliver, 2007; Bell and
Collins, 2008; Rost et al., 2008).
The study by Mu¨ller et al. (2010) marks an important
step towards explicitly incorporating the possibility of ge-
netic evolution into empirical biological oceanography. As
an evolutionary biologist, I read this paper with great in-
terest, though probably with a different agenda than the in-
tended audience. Since Mu¨ller and colleagues set up their
cultures as a mini selection experiment (long term growth of
replicate populations that were initially genetically identical
under novel and control environmental conditions), I read it
looking for indications of evolutionary change after a few
dozen generations of growth under rising pCO2.
The goal of the experiment by Mu¨ller et al. (2010) was
not to measure evolutionary change, but to ask whether
short-term physiological responses scale up. While the
data show convincingly that physiological responses to CO2
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enrichment measured over a few generations in two coccol-
ithophore species predict the physiology seen after tens or
hundreds of generations, the authors note that the possibil-
ity of genetic change cannot be ruled out. The usual way to
check for an evolutionary response to selection is to either
measure the ability of an evolved genotype to outcompete its
own ancestor (Elena and Lenski, 2003), or to compare com-
ponents of fitness, such as growth rates, in both high pCO2
and low pCO2 of strains grown under both long-term high
pCO2 and long-term low pCO2 (Collins and Bell, 2004).
While the first comparison is not possible in this particu-
lar experiment since the genetic tools to transform coccol-
ithophores are not yet available, the second could be car-
ried out by simply returning the high pCO2 selection lines
to low pCO2 at the end of the experiment, and doing the op-
posite with the low pCO2 selection lines. Genetic tools ex-
ist for some other marine phytoplankton, however, such that
future experiments using other taxa may be able to directly
check for the presence of a direct evolutionary response to
high pCO2 or other environmental variable of interest (Hall-
mann, 2007). A second tool used in experimental evolution
is to measure correlated responses (Travisano et al., 1995),
which are heritable changes in fitness or physiology in non-
selected environments (corresponding to the phenotype of
the high pCO2 selected cultures under any conditions other
than the ones they experienced during selection). Corre-
lated responses would be expected if, for example, long-term
growth at high pCO2 favoured types that were somehow spe-
cialized for growth at high pCO2. For instance, long-term
growth at elevated pCO2 may affect the ability of strains
to deal with nutrient limitation or changes in temperature.
Although the authors never claim to be doing experimental
evolution, basic tools from experimental evolution could be
applied in this type of experiment to systematically support
or disprove the conclusion that primarily a sustained physio-
logical response is being observed, and to verify whether or
not a systematic genetic response has occurred.
The experiment by Mu¨ller et al. (2010) raises the ques-
tion of how evolutionary effects might be measured in marine
phytoplankton. Many marine microbes commonly used for
physiology or ecology studies are far from ideal organisms
for experimental evolution. Coccolithophores, for example,
are grown in culture as asexual diploids, making it unlikely
that novel or rare mutations will be selected unless they are
expressed in heterozygotes. Recessive mutations cannot be
brought together in homozygotes since we do not yet know
how to mate coccolithophores in culture. This impedes the
action of natural selection in laboratory cultures (Colegrave,
2002; Zeyl et al., 2003). In addition, marine algal cultures
must be grown at relatively low cell densities, and it is logis-
tically difficult to grow the number of independent replicate
cultures usually used in microbial experimental evolution to
gain the statistical power to detect small changes in fitness –
typically tens of cultures in each environment. For example,
a fitness difference on the order of 0.01 between populations
that have been exposed to high pCO2 over the short vs. long
times could easily be ecologically important, and is probably
a reasonable effect size for selection in a relatively benign
environment, including elevated CO2 (Kassen and Bataillon,
2006; Perfeito et al., 2007). Growth rate is often a reason-
able proxy for fitness in batch culture experiments such as
the one done by Mu¨ller et al. (2010), so a fitness difference
of 0.01 may be measured as a difference in growth rates of
around 1%. However, the number of replicates needed to
detect such a difference even given a very small standard de-
viation in fitness between replicate populations (say 0.001) is
17 independent replicates per group for a simple t-test. Fur-
thermore, much of the power of traditional microbial exper-
imental evolution lies in being able to have a living “fossil
record” of evolving populations where samples are placed in
suspended animation (usually in a freezer where growth is
stopped completely or on a petri dish where growth is mini-
mal) at several timepoints during the experiment. This allows
the fitness (either growth rate or competitive ability) and phe-
notypes of the same evolving strain at several timepoints (in-
cluding the ancestral version) to be measured at exactly the
same time under common conditions, allowing direct com-
parisons (Elena and Lenski, 2003; for an extensive treatment
of microbial selection experiments see Bell, 2008). Finally,
high DIC alone probably does not impose strong selection
on marine algae – when a decrease in growth rate is seen,
it is small, indicating that adaptive evolution may be slow,
or that neutral evolutionary change may be responsible for
phenotypic shifts (Collins and Bell, 2004). Because of these
limitations, detecting evolutionary effects seems unlikely in
marine microbes.
There are, of course, limits that all biologists face when us-
ing laboratory models to understand natural microbial popu-
lations. One of the obvious hurdles to applying the results of
laboratory experiments to natural populations is that, even for
common and well-characterised microbial model systems,
we know shockingly little about the life cycles of microbes
in nature. This is also true of marine phytoplankton, where
studies of ploidy, as well as the prevalence and importance
of sex and resting stages of natural populations, are still in
their infancy (de Vargas and Probert, 2004; Frada et al., 2009;
Kremp et al., 2009). Because of this, it is difficult to know
how measurements made in cultures of one life history stage
(for example an asexual diploid) of what is presumably a
more complex life cycle inform us about responses of nat-
ural populations. The only way to remedy this is to do more
basic biology, which is much simpler for me to write here
than it is for anyone to do. A second hurdle that any exper-
imental evolution in marine microbes will have in common
with other laboratory-based work is that the entire point of
laboratory experiments is to simplify, speed up (usually), and
scale down the real world so that we can understand it better.
After we do this successfully, we then have to contextualise
our results by scaling up, slowing down and adding compli-
cations. Here, insights from ecological evolution studies can
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explain the systematic effects of some simplifications used in
laboratory work, such as speeding up environmental change
(Collins and de Meaux, 2009), using a stable environment
even though we know that most natural environments fluctu-
ate (Lande, 2007), using homogenous environments instead
of patchy ones (Rainey and Travisano, 1998), looking at re-
sponses to changes in single instead of multiple environmen-
tal variables (Barrett et al., 2005), and using single strains
rather than communities where groups interact (Rueffler et
al., 2006; Collins, 2010).
I do not intend to paint a grim picture or to discourage
attempts to detect evolutionary change in marine algae. On
the contrary, ecological concerns as well as curiosity about
the basic biology of the world around us demand that we
use extant tools to ask (and answer) evolutionary questions
about marine microbes. Marine microbes also have many
characters that make them (at least for me) tempting can-
didates for new model systems in experimental evolution,
and that make them immediately accessible for basic evo-
lution experiments right now. In particular, many marine mi-
crobes grow relatively rapidly, can be cultured in the labo-
ratory, and have several variants available in culture collec-
tions. Genetic tools are either available or being developed
in many cases (Hallmann, 2007), and a sophisticated arse-
nal of techniques for characterising the physiology and com-
munity ecology of marine algae responses to pCO2 changes
are already in place (for example Rost et al., 2008; Barry et
al., 2010; Mu¨ller et al., 2010). Existing tools that use “black
box” approaches, such as the Price equation (Price, 1970; see
partition by Collins and Gardner, 2009) or discriminant anal-
ysis (Okasha, 2006) could also be used in marine microbes.
These methods can be used to partition change in some char-
acter of a community into contributions from a sustained
physiological response, interactions between lineages, and
evolutionary change within lineages, and use data that could
be collected with tools that are already available. Here, the
outcome of competition between strains, measured as differ-
ences in community composition, could be used to uncover
evolution within strains, as was done in the worked example
in Collins and Gardner (2009) examining the appearance of
diuron resistance reported by McClellan et al. (2008). To use
a Price equation approach to partition the underlying causes
of changes in the bulk phenotype (such as carbon uptake) of a
community, the covariance of a character of interest (such as
carbon uptake) with fitness (growth rate) must be known or
measured for each member of the community, and changes
in community composition must be reported quantitatively
and at the same level of taxonomy (species, genus, functional
group etc.) as the trait and fitness measurements. For ex-
ample, if community composition is reported at the level of
functional groups, then the covariance between carbon up-
take and growth rate must be reported as an average for each
functional group for all terms in the partitioned Price equa-
tion. Some of the data needed are not commonly measured
or reported in studies of marine phytoplankton, which was
noted in Collins and Gardner (2009), where a specific list
of data required to use a Price equation partition to describe
carbon uptake in marine phytoplankton in response to carbon
enrichment is given.
The Price equation or similar approaches are not “free”
solutions – they require that additional data be gathered dur-
ing experiments. However, it seems likely that such ap-
proaches would improve our understanding of why com-
munities change in response to high pCO2, and would al-
low at least a direct test of the hypothesis that the main re-
sponse to high pCO2 should be changes in community com-
position owing to changes in the relative fitness of func-
tional groups rather than to adaptive change within func-
tional groups (Riebesell, 2004; Falkowski and Oliver, 2007).
Previous work has demonstrated that selection on interac-
tions between strains or species can act in the opposite di-
rection as selection within strains or species, causing the
effects to roughly cancel out, as was the case with the ap-
pearance of diuron resistance. This same pattern appears
in some cases of multi-strain communities of a single fresh-
water algal species grown under long-term CO2 enrichment
(Collins, 2010). Here, if only a single physiological re-
sponse is measured, it will apparently account for the full
change in community phenotype, even though evolutionary
change has occurred and must be taken into account to cor-
rectly understand the underlying basis for observed changes
in community function (such as biomass production, carbon
uptake, or PIC:POC ratios). To use these approaches, DIC
manipulation experiments could be started with genetically
diverse communities, either different species or several dif-
ferent strains of a single species such as E. huxleyii, so long
as the members could be reliably distinguished one from an-
other in mixed culture and changes in strain frequency could
be quantified alongside the usual measurements of changes
in physiological characters and growth rates. In this way,
evolutionary effects that occur in communities could be in-
directly measured. Here, I have commented on a particu-
lar experiment carried out using E. huxleyii. However, the
ideas presented are general and apply to other major plank-
tonic groups such as diatoms and dinoflagellates, as well as to
other haptophytes. The discussion of the specific characters
of each major group that may present benefits or challenges
to studying evolutionary responses in that group is beyond
the scope of a short comment, but in principle, any organism
that can be cultured for many generations at reasonable pop-
ulation sizes and levels of replication (several independent
cultures) could yield information on evolutionary responses.
The time is ripe for collaborations between experimental
evolution and biological oceanography, two fields that
have developed in near-complete isolation. Collaboration
between biological oceanographers and evolutionary bi-
ologists on experimental design and data reporting could
allow information and understanding from each field to be
used more effectively by the other. This would improve
investigations in both fields, allow us to build on each other’s
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knowledge, and give us a better chance at answering the
question of how and why phytoplankton may respond to
global change over the coming decades.
Edited by: K. Suzuki
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